Background: Because vitamin D may have beneficial effects on glucose metabolism in pregnant women with gestational diabetes mellitus, we explored whether maternal 25-hydroxyvitamin D (25OHD) levels in normal pregnancy have association with diabetes-related hormone levels and glycated albumin (GA). Methods: A prospective cohort study was performed to collect serum samples from 612 pairs of pregnant women and cord blood of their offspring. Levels of 25OHD and GA in maternal and cord blood were measured by radioimmunoassay and enzyme assay, respectively. Using cord serum, 12 diabetes-related hormones were assayed. Spearman's rank correlation coefficient was used to quantify the strength of association between biomarkers. results: A prominent association between maternal and cord 25OHD levels (r = 0.76, 95% confidence intervals (CIs): 0.73-0.79, P < 0.0001) and weak association between maternal and cord GA (r = 0.22, 95% CIs: 0.14-0.30, P < 0.0001) were shown. Among the 12 diabetes-related hormones, both maternal and cord 25OHD levels showed prominent negative associations with glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). conclusions: These results suggest that decreased maternal 25OHD may be associated with decreased cord 25OHD and increased cord GLP-1 and GIP levels, which may be involved with the transfer of maternal glucose to the fetus.
INTRODUCTION
Vitamin D is made primarily under the skin by exposure to sunlight and can be obtained to a lesser extent in foods such as mushrooms, oily fish, and egg yolks. Vitamin D is first hydroxylated in the liver to form 25-hydroxyvitamin D (25OHD), then a very small amount of 25OHD is activated in the kidney to play important roles in the body, including in bone integrity and calcium metabolism (1) . Indeed, vitamin D supplementation with calcium can prevent bone fracture and bone loss in the elderly (2) . In addition to calcium metabolism, vitamin D repletion for 12 wk not only increases serum vitamin D concentrations but also improves β-cell activity (3).
Moreover, maternal vitamin D deficiency during pregnancy has been suggested to be associated with an increased risk of gestational diabetes mellitus (4, 5) . In fact, recent randomized, double-blind, placebo-controlled clinical trials have suggested that vitamin D supplementation can decrease fasting glucose as well as insulin levels in gestational diabetes (6, 7) , although the results have been inconsistent (8) . In addition, associations between serum 25OHD and glucose levels in pregnant women without gestational diabetes remain unknown. Therefore, using a Bio-Plex MAGPIX Suspension Array System (Bio-Rad, Hercules, CA), we performed screening of cord blood for 12 well-known diabetes-related hormones: glucagon-like peptide 1 (GLP-1); glucose-dependent insulinotropic polypeptide (GIP); ghrelin; insulin; c-peptide; glucagon; leptin; plasminogen activator inhibitor-1 (PAI-1); resistin; visfatin; adipsin; and adiponectin. We then analyzed associations between levels of these hormones and 25OHD and glycated albumin (GA), an independent marker of anemia sometimes observed in pregnant women in maternal and cord blood (9) .
RESULTS

Participant Characteristics
Among the 650 pregnant women who fulfilled inclusion criteria, a total of 612 mother/infant pairs participated in this study. Maternal characteristics and lifestyles divided by three 25OHD levels of mothers (deficient, insufficient, and sufficient) are shown in Table 1 . More than half of the participants were 25OHD deficient. Participants with lower 25OHD levels tended to spend less time engaged in outdoor activities, to have fewer siblings, and to show lower GA levels than those with higher 25OHD levels. However, no significant differences in maternal and neonatal anthropometric measures, other maternal lifestyles including smoking, alcohol consumption, and dietary habits, or neonatal complications at birth were identified.
Maternal and Cord Blood 25OHD Levels
Levels of 25OHD in cord blood showed strong positive associations with those in maternal blood at 34 gestational weeks
Maternal and Cord Blood GA Levels
Median (25th-75th percentile) GA was 9.8% (range: 9.2-10.3%) in cord blood and 13.7% (range: 13.0-14.6%) in maternal blood. Normal range of GA in healthy adults according to SRL data is considered to be between 12.4 and 16.3%. Sixty-five (11%) and 30 (5%) pregnant women were below and above this normal range, respectively. In contrast, all GA values in cord blood except one case were below the lower limit of the normal range in healthy adults. Levels of GA in cord blood were positively associated with GA in maternal blood at 34 gestational weeks (Spearman's rank correlation coefficient: 0.22, 95% CIs: 0.14-0.30, P < 0.0001; Figure 2 ).
Associations Between 25OHD and GA Levels
Levels of 25OHD in maternal blood were positively associated with GA in maternal blood at 34 gestational weeks (Spearman's rank correlation coefficient: 0.21, 95% CIs: 0.13-0.29, P < 0.0001; Figure 3 ). On the other hand, no significant associations were seen between cord 25OHD and cord GA, between cord 25OHD and maternal GA, or between maternal 25OHD and cord GA.
Associations Between 12 Kinds of Diabetes-Related Hormones and 25OHD in Either Cord Blood or Maternal Blood
Compared with levels in healthy adults for the 12 kinds of hormones measured with the same Bio-Plex suspension array system, mean GLP-1 level was ~100-fold higher, ghrelin, glucagon, visfatin, and adiponectin were ~10-fold higher, adipsin, PAI-1, and resistin were several times higher, and GIP was a couple of times higher. In contrast, c-peptide, insulin, and All other variables in questionnaires listed in the Methods section did not show significant differences among the three levels of 25OHD (data not shown).
b Body mass index was calculated using the following formula: weight before pregnancy divided by square of height. Among the 12 kinds of diabetes-related hormones, associations of GA either in cord blood or in maternal blood as well as cord-maternal GA ratio (calculated as cord GA divided by maternal GA (%)) were analyzed by Spearman's rank correlation coefficient (Table 4 ) and multiple linear regression (Table 5) . Insulin, c-peptide, GIP, and ghrelin levels were positively associated and resistin, visfatin, and adipsin were negatively associated with GA in cord blood. In contrast to GA in cord blood, GIP and GLP-1 were negatively associated with GA in maternal blood. As we were interested in this conversion of negative and positive correlations, we created cordmaternal GA ratio as a new parameter. Cord-maternal GA ratio showed a weak positive association with GIP (r = 0.22), GLP-1 (r = 0.22), and ghrelin (r = 0.18) (P < 0.0001 each).
DISCUSSION
Using the Bio-Plex suspension array system, we conducted a prospective cohort study to screen 12 kinds of diabetes-related hormones for associations with cord and maternal 25OHD, as well as GA. To the best of our knowledge, this study is the first to find that GLP-1 and GIP are associated with 25OHD and GA. First, we demonstrated a strong linear relationship between serum levels of maternal and cord 25OHD (r = 0.76, 95% CIs: 0.73-0.79, P < 0.0001), supporting previous findings (11) (12) (13) (14) . 25OHD was reported to be transferred from mother to fetus across the placenta (15) (16) (17) (18) . Our result also suggests that 25OHD may be passively transferred from mother to fetus through the placenta. We also found a positive association between GA levels of maternal and cord blood, as in a previous study (19) , but the association was not as strong as that observed between maternal and cord 25OHD. Albumin was reported not to significantly pass through the placenta (20) , but fetal liver can synthesize albumin at a high rate at two-thirds of gestation (21, 22) . These results suggest that glucose may be not only passively, but also actively, transferred from mother to fetus through the placenta through regulation by unknown factors.
Second, we found a positive association between maternal 25OHD and maternal GA in normal pregnancy. In contrast to our results, most previous studies have focused on pregnant Figure 1 . Association between maternal and cord blood 25OHD levels. We used linear regression models to assess the association between maternal and cord blood 25OHD levels. Spearman's rank correlation coefficient was used to quantify the strength of the association. 25OHD, 25-hydroxyvitamin D. Association between maternal and cord blood glycated albumin levels. We used linear regression models to assess the association between maternal and cord blood glycated albumin levels. Spearman's rank correlation coefficient was used to quantify the strength of the association. Articles women with gestational diabetes mellitus (23), type 1 diabetes (24) or type 2 diabetes (25) and have shown negative correlations between 25OHD and glucose control levels. However, these inverse associations between 25OHD and glucose levels have not been studied in healthy adults or pregnant women without gestational diabetes mellitus, and causal relationships have not always been shown (25, 26) . For example, obesity can represent a confounder for both 25OHD and abnormal glucose metabolism (27) . Third, we identified GLP-1 and GIP as significant diabetesrelated hormones associated with 25OHD in both maternal and cord blood among the 12 diabetes-related hormones. To the best of our knowledge, this represents a novel finding. Both GLP-1 and GIP are gut-derived incretin hormones that stimulate insulin and suppress glucagon secretion, inhibit gastric emptying, and reduce appetite and food intake (28) . Placental transfer of both incretin hormones might be considered negligible (29) , and both hormones are secreted in the fetus (30) (31) (32) (33) . Eating provokes the secretion of multiple gastrointestinal hormones involved in the regulation of gut motility, secretion of gastric acid and pancreatic enzymes, gall bladder contraction, and nutrient absorption as well as insulin secretion. In contrast to adults, nutrition is basically supplied through the placenta to fetuses, not through eating. Moreover, GLP-1 seems to be higher than in healthy adults using the same Bio-Rad suspension array system (10, 34) . However, the active form of GLP-1 in cord blood was reported to be close to the lower limit of detection (35) . Thus, even the higher levels of GLP-1 and GIP in cord blood observed in this study do not necessary to affect glucose levels decreasing by increasing insulin and decreasing glucagon secretion through the pancreas as observed in adults. The roles and mechanisms of GLP-1 and GIP secretion in the fetus warrant further investigation in the future.
Fourth, maternal GA levels were negatively associated with GLP-1 and GIP (r = −0.13), whereas cord GA levels showed a positive association (r = 0.13). Cord-maternal GA ratio was positively associated with GLP-1 (r = 0.22), GIP (r = 0.22), and ghrelin (r = 0.18). These results imply that GLP-1, GIP, and ghrelin may facilitate active transfer of glucose from maternal blood to fetal blood through the placenta.
This study has several limitations. First, the study was designed as a prospective cohort to investigate 25OHD and GA levels in maternal blood at 34 gestational weeks as exposures and diabetes-related hormones in cord blood at birth as outcomes. Although a time gap existed between exposures and outcomes, this study was close in nature to a cross-sectional design. We thus cannot discuss causal relationships between 25OHD and GLP-1/GIP levels or between cord-maternal GA ratio and GIP/GLP-1/ghrelin levels, only the existence of Articles Niwa et al.
significant associations. Second, we applied the BioPlex assay for simultaneous quantification of multiple analytics, in a process termed multiplexing. However, this technique is not considered optimal for measuring levels of gut hormones (36) . With other methods, levels of some of these hormones might differ markedly (10, 34) . We therefore compared diabetesrelated hormone levels as measured by BioPlex within samples of this study population, and not with results from other studies. Third, we compared hormone levels in cord blood with those in healthy adults as provided by Bio-Rad Laboratories. However, the number of samples used for their data was only 10 or 11 (10, 34) . We can therefore make only a rough estimate of whether hormone levels seem higher in cord blood than in adults.
In conclusion, among the 12 diabetes-related hormones, both cord and maternal 25OHD levels showed prominent negative associations with GLP-1 and GIP. Moreover, GLP-1, GIP, and ghrelin showed positive associations with cord-maternal GA ratio.
METHODS
Study Design
This prospective cohort study was conducted at Shiomidai Hospital in Kanagawa prefecture, a general hospital in a rural area of Japan located at 35 degrees 24 min north latitude, and 139 degrees 36 min east longitude. Inclusion criteria were pregnant women ≥ 20 y old Since levels of 12 diabetes-related hormones were measured, values of P < 0.004 (=0.05/12) were considered significant. *P < 0.004. 
Samples and 25OHD Measurements
Serum samples from participating pregnant women were collected at 34 wk of gestation. Umbilical cord blood (5-10 ml) was sampled from the placenta side after placental delivery at birth. Soon after blood sampling without freezing, levels of 25OHD were measured by radioimmunoassay at SRL (Hachioji, Tokyo, Japan) (37), which has participated in the Laboratory Accreditation Program of College of American Pathologist. Minimal detection level was 5 ng/ml. The Institute of Medicine has defined adequate vitamin D status as a serum 25OHD level ≥ 20 ng/ml for the general population, including pregnant women (38) . When levels are ≥30 ng/ml, bone fracture can be prevented (39) . We therefore divided participating pregnant women into three groups according to 25OHD levels: deficient, <20 ng/ml; insufficient, ≥20 but <30 ng/ml; and sufficient, ≥30 ng/ml.
Multiplex Immunoassay Analysis
After freezing at −80 °C, a series of hormones related to metabolism (GLP-1, GIP, ghrelin, insulin, c-peptide, glucagon, leptin, PAI-1, resistin, visfatin, adipsin, and adiponectin) were assayed in cord blood using the Bio-Plex MAGPIX Suspension Array System (BioRad, Hercules, CA), according to the instructions from the manufacturer. A single operator blinded to clinical information performed all measurements using human diabetes assay kits. Identical positive and negative quality controls are included on each assay in duplicate. Assays were performed in one batch, with samples mixed randomly.
The lower limit of detection ranged from 2.4 pg/ml for resistin to 310 pg/ml for visfatin, while intra-assay variability was less than 10%. Mean recovery ratio represented by observed data/expected data was 99.4%.
Glycated Albumin
After a maximum of 2.5 y freezing at −80 °C, serum samples obtained from participating pregnant women and cord blood of offspring were measured for GA using an enzymatic method by SRL (40) .
Statistical Analysis
Continuous data were compared among the three maternal groups by means of ANOVA for factors showing normal distribution and by Kruskal-Wallis equality-of-populations rank test for factors not showing normal distribution. The χ 2 test was used for analysis of binary or categorical data. Spearman's rank correlation coefficient was used to quantify the strength of association between 25OHD/GA and diabetes-related hormones not showing normal distributions. All reported P values were two-sided. Values of P < 0.05 were considered significant in the analyses of participant characteristics. On the other hand, since 12 diabetes-related hormones were measured, values of P < 0.00417 (= 0.05/12) were considered significant using Spearman's rank correlation. Linear regression model was applied to obtain a coefficiency. For significant variables in Spearman's rank correlation analysis, multivariate analysis was performed by linear regression adjusting for potential confounders such as maternal age, maternal BMI, intake of vitamin D supplement, time spent for outdoor activity, number of sibling, and month of the birth. All statistical analyses were independently performed by M.U. and S.N., who were not involved in data collection. Stata version 13.1 software (StataCorp, College Station, TX) was used for all analyses.
